Functional Anatomy of the Attentional Modulation of Time Estimation
Jennifer T. Coull, 1 * Franck Vidal, 1,2 Bruno Nazarian, 3 Francoise Macar 1 Attention modulates our subjective perception of time. The less we attend to an event's duration, the shorter it seems to last. Attention to time or color stimulus attributes was modulated parametrically in an event-related functional magnetic resonance imaging study. Linear increases in task performance were accompanied by corresponding increases in brain activity. Increasing attention to time selectively increased activity in a corticostriatal network, including pre-supplementary motor area and right frontal operculum. Increasing attention to color selectively increased activity in area V4. By identifying areas whose activity was specifically modulated by attention to time, we have defined the core neuroanatomical substrates of timing behavior.
The degree of attention paid to an object or activity contributes to its subjective duration. The less we attend to the temporal properties of a stimulus, the more likely we are to misperceive its duration. When subjects perform two competing tasks simultaneously, the subjective duration of stimulus presentation is increasingly shortened the more subjects attend to nontemporal stimulus features, such as form, color (1), or semantic meaning (2) . It has been proposed that the less attentional resources are allocated to timing, the more the on-line accumulation of temporal "pulses" throughout the stimulus duration may be compromised (3) . Attentional allocation to time can be controlled either implicitly, by modifying difficulty of the secondary task (1), or explicitly, by prior instruction to attend to temporal versus nontemporal stimulus features (2) . We used event-related functional magnetic resonance imaging (fMRI) to identify brain regions implicated in the explicit attentional modulation of time estimation. Attentional modulation of stimulus features has already been well documented. Attending to a stimulus's visual form, color, speed (4, 5) , or location (6) both increases behavioral sensitivity in discriminating changes in that feature and increases neural activity in brain regions specialized for processing that feature. Therefore, to identify the neuroanatomical substrates for time processing, it should suffice to selectively attend to stimulus duration. Most studies demonstrating attentional modulation of sensory processing areas have simply compared attended to unattended stimuli. However, the subtlety or sensitivity of the modulatory effect may be further demonstrated by showing that gradually varying attentional demands could produce correspondingly gradual changes in neural activity. We used this approach in the current study by parametrically varying attention to duration versus color in a dual-task paradigm (2) .
Twelve subjects attended to time and/or color attributes of visual stimulus pairs in order to later compare them for either duration or hue (7) (fig. S1A ). An attentional precue directed subjects to attend selectively either to stimulus time (T condition), to time more than color (Tc), to both parameters equally (tc), to color more than time (tC), or to color (C). Effective attentional allocation was obtained by monotonically varying the relative likelihood of whether the eventual motor response was based on a duration (time trial) or hue (color trial) estimate ( fig. S1B ). These five attentional conditions constituted a parametric design for modeling both behavioral performance and the blood oxygen level-dependent (BOLD) fMRI signal as a function of increasing selective attention to either time or color. Additionally, sustained attention was carefully equated for time and color estimation (7 ). Time perception necessitates attention being sustained for the entire duration of the stimulus (ϳ1 s), whereas color perception may occur within the first few hundred ms. Subjects were therefore encouraged to attend to color for the entire stimulus duration by estimating the average color of a flickering percept (Movie S1).
Analyses (7) of behavioral data confirmed that subjects allocated attention appropriately in the five attentional conditions (Fig. 1 ). Decreasing attentional allocation to time progressively slowed reaction times (RTs) in time trials but speeded them in color trials [t(9) ϭ 9.90, P Ͻ 0.001]. Similarly, decreasing attention to time progressively increased errors in time trials but reduced them in color trials [t(9) ϭ 3.18, P ϭ 0.01]. Errors in time trials were more likely to be underestimates rather than overestimates (i.e., subjects perceived durations as shorter, not longer, than actual) [t(39) ϭ 4.27, P Ͻ 0.001], in accordance with previous dual-task data (2, 3) . In color trials, subjects more often misperceived the stimulus as bluer, rather than redder, than actual [t(39) ϭ -3.99, P Ͻ 0.001]. Behavioral data also confirmed that time and color trials were equated for task difficulty. There was no significant difference in global RTs [t(39) ϭ 0.12, NS] or in errors [t(39) ϭ 0.07, NS] for the time versus color trials, implying that the two tasks were matched for overall attentional load.
We used statistical parametric mapping (SPM99) (7) to analyze event-related fMRI data. To model modulatory attentional effects, the fMRI signal was time-locked to presentation of the first visual stimulus. Using appropriately weighted contrasts (7), we identified brain regions displaying increasing activation with increasing attention to time and, conversely, those showing increasing activation with increasing attention to color. Activity in area V4 increased as attention to color increased (4, 5, 8) ( Fig. 2A) . Area V4, and a coextensive area slightly posterior and superior to V4, were the Percentage of trials in which an error was made. The probability of making a time or color response on any given trial varied according to the nature of the attentional cue (T, Tc, tc, tC, or C) given before stimulus presentation. As subjects paid progressively less attention to the temporal attributes of a stimulus across the five conditions, they were progressively slower and less accurate in providing a time estimate, but faster and more accurate in providing a color estimate.
only areas in the brain that were modulated by attention to color (Table 1) . This result provides a physiological control, complementing the behavioral data described above, confirming that subjects allocated attention appropriately across the five attentional conditions: Monotonic increases in attentional allocation to color across these conditions resulted in roughly linear increases in activity of an area known to be specialized in color processing (9, 10) . These data demonstrate that attentional modulation of area V4 is not a simple on/off mechanism (4, 5, 8) . Rather, activity in this area varies parametrically with increasingly greater attentional demands. Although V4 was activated bilaterally, only the right hemisphere activation was significant at thresholds for amplitude and spatial extent (Table 1) . Previous studies noting bilateral attentional modulation of area V4 (4, 5) required subjects to make simple bidimensional color judgments (e.g., same/different), whereas we asked subjects to rate their color estimate on a three-point scale (redder/same/bluer). Our emphasis on the relative hue of the stimulus may have contributed to the hemispheric lateralization observed in our own data.
If parametric modulation of attention to color modulates activity in areas fundamental for color perception, parametric modulation of attention to time should modulate areas fundamental for time perception. Areas most consistently implicated in timing thus far have been the supplementary motor area (SMA), premotor cortex, frontal operculum, basal ganglia, and cerebellum (11) . However, only a few of these studies (12-14) included adequate controls for task difficulty and/or sensorimotor processing. In the present study, time and color trials were matched for difficulty (Fig. 1) , and any visual and motor processing differences were obviated by modeling the stimulus presentation stage as a single event. Furthermore, activity related to the motor response was successfully temporally deconvolved from the stimulus-evoked activity ( fig. S2 ). Increasing attention to time was shown to improve timing performance, and this coincided with increased activation of the anterior portion of the SMA (preSMA), right premotor and prefrontal cortices, right temporal cortex, bilateral intraparietal sulcus, and putamen (Table 1 and Fig. 2B ). We therefore implicate these areas specifically in perceptual timing and further demonstrate that neural responses within these areas can be parametrically modulated by attention to time (15) .
PreSMA, premotor cortex, and putamen have long been implicated in motor execution and preparation processes. However, our fMRI data were time-locked to presentation of the visual stimulus for which no overt motor response was produced. Furthermore, motor preparation processes were matched for time and color trials, because the eventual motor response was discriminatory (identical for both trial types) and constituted neither reproduction nor anticipation of the stimulus duration. Unfortunately, previous imaging studies of timing in which the motor response in the experimental condition was delayed compared with the control condition have inadvertently confounded motor preparation with timing, rendering the functional importance of any SMA activation in these studies ambiguous. PreSMA has also been associated with motor sequencing (16), particularly with the ordinal, rather than rela- Fig. 2 . Anatomical location and condition-specific amplitude of color-and time-selective cortical activity. (A) As subjects paid progressively more attention to the color attributes of a stimulus across conditions, brain activity increased in area V4, notably in the right hemisphere. (B) As subjects paid progressively more attention to the temporal attributes of a stimulus across conditions, brain activity increased most notably in preSMA, as well as in a network of other cortical and striatal areas. fMRI activations are displayed on sections of the averaged structural MRI scan of all 12 subjects and are in neurological convention, with the left hemisphere on the left side of the figure. The accompanying plots illustrate progressive changes in the BOLD signal across the five attentional conditions for the voxels of peak amplitude in (A) area V4 [36, -54, -24] and (B) pSMA [6, 3, 54] . pSMA, pre-supplementary motor area; Fop, frontal operculum; PMC, dorsal premotor cortex; IT/MT/ST, inferior/middle/ superior temporal cortex; Put, putamen; Par, inferior parietal cortex. Table 1 . Brain regions whose activity parametrically increased with increasing attention to color or time stimulus features. All clusters are significant at P Ͻ 0.05, corrected for multiple comparisons. The peak amplitude of the right ventral occipital activation occurs in area V4 (9, 10) , but additional coordinates are included to demonstrate its spatial extent (282 voxels). A smaller (7 voxels), although homologous, activation was noted in the left hemisphere but just failed to reach thresholds for either amplitude or cluster size. It is included here for interest only. BA, Brodmann's area; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex. tional, position of component movements (17, 18) . Moreover, recent fMRI results have shown that preSMA may be even more selective for the timing of individual components in a motor or perceptual sequence than for their rank order (19) . Together these results suggest that the preSMA is involved in invoking an imaginary ordinal scale or time line against which elements of a sequence, or "beats" in a duration, can be aligned and quantified. Moreover, this function is unlikely to be restricted to the motor domain, as evidenced by its activation in the present perceptual timing study [see also (12) ]. The preSMA is unlikely to fulfill this function alone, however. Frontal operculum has previously been implicated in perceptual sequencing of auditory (20) stimuli, as well as being involved in selective attention to time (21, 22) and in time estimation itself (23) (24) . Activation of right frontal operculum in the present study confirms the latter reports. In addition, simultaneous activation of dorsal premotor cortex and basal ganglia in both our own and the aforementioned fMRI study of sequencing (19) suggests that these areas constitute a frontostriatal functional loop for invoking a relative time scale for duration estimation in either the motor or sensory domain. The striatum, and the putamen in particular, have been consistently activated in functional imaging studies of timing, including those using nonmotor perceptual tasks (e.g., [13] [14] . Recently, the striatum has been proposed as the neural substrate for the "beat frequency" model of timing (25, 26) . Each duration is thought to have a unique neural "time stamp," which the striatum detects. We suggest that the role of the putamen within the aforementioned frontostriatal functional loop is to detect the target duration within the invoked time scale.
Parietal and prefrontal activations are unlikely to be due simply to attentional load, because time and color trials were equated for both sustained attention and task difficulty. These regions may thus contribute more specifically to the process of temporal attention. Notably, activation of left parietal cortex in our perceptual timing task complements earlier studies demonstrating its role in orienting attention to timed motor responses (21, 27) or to motor acts (28) , suggesting that this region is involved in the timing, as well as the motor, aspects of temporal attentional orienting. Finally, the observed temporal cortex activations may reflect strategies related to auditory imagery (29, 30) .
In conclusion, we have demonstrated parametric attentional modulation of timing in a corticostriatal functional loop. Mechanistically, we suggest that increased attention to time allows more accurate (Fig. 1) processing of temporal pulses throughout the stimulus duration by enhanced neural activity in functionally specialized regions (Fig. 2B) . Physiologically, these regional increases may represent a topdown, tonic increase in background activity ("bias") induced by the increasingly temporal nature of the attentional cue and thus the subjects' attentional set. Alternatively, they may index a bottom-up, phasic increase of the stimulus-evoked response itself ("amplification") as a result of increased selectivity of temporal versus nontemporal stimulus features. Future experiments may dissociate different components of the corticostriatal timing network in terms of either of these physiological mechanisms.
